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1 Introductionand Executive Summary

Over atwo-day period, March 89, 2017 the Office of High Energighysics convened a workshop in
Gaithersburg, MD to seek community input on development of a radiofrequency (RF) reseaten-year
roadmap to guide the General Accelerator Research@&Development Program (GARDAs described in
the charge the roadmapshould reflect the Particle Physics Project Prioritization Panebtrategy andthe
subsequentHEPAP Accelerator Subpaneécommendations.The charge for the work&op can be found
in Appendix A

At the workshop, proponents ofsuperconducting radiofrequency technology (SRF) andormal
conducting radiofrequency technology NCRF, along with invited university and laboratory experts,
critically discussed opportunities, gaps, and requirements relevant tthe development of a roadmap.
The roadmap workshop was precededby preparatory workshops at SLAC otNCRFand Fermilab on
SRF.

The first day of the workshop featured summaries of the two preparatory workshops and presentatien
of independent roadmaps foNCRFand SRE Community proponentspresentedroadmapswith an
overarching focus on improving the costcapability of accelerators by improving structure gradient and
efficiency, RF source power and efficienggnd auxiliary systems Talks on the status of modeling,
international efforts, potential NCRF/SRFsynergiesas well as synergiebeyond HER and laboratory
needs were also presentd. The second day of the workshop begawith presentations on the university
role, user needs, and test facilities aSLAC and FNAL.

The balance and majority of the second day was devoted to review and integration of the two roadrsap
and discussion of the report timeline, outline, and content. There was unanimous endorsenierf the
roadmap elements The agenda for the workshop can be found iAppendix Band a listof participants in
Appendix C.

As shown in Fig. 1, the decadal integrated roadmag$ two maincomponents advancement ofRF
structures and advancement ofthe RF sourcegpowering and auxiliary systems surrounding the
structures. The overarching goal is to dramatically improve performance and cost by an order of
magnitude or more.The tenryear time scale for the roadmap ensures improved perfonanceand cost

for future acceleratorsand upgradesnow under consideration.In the past,only SRF was associated with
cryogenic operation, but new results suggestiCRFstructures operated at cryogenic temperatures hold
promise. This blurring of the operatingregime for structures has been graphically illustrated n Figure
lby positiol ET ¢ 32 & AO Ooflonabténipératude giadieAt andMERFRtOEA Ox AOTI 6 AT A
Themes or crosscuts for cryogenic or warmRF structure R&Dinclude understanding basic physics and
processes and exploring new shapes, materials, and operating negis. The two SRF researckub-tracks
focus on improving cavityquality factor, Q and gradient. High-QSRFR&D will investigatethe physics of
surface resistance and magnetic flux losseexploredoping, andexaminenew materials. High gradient
SRHR&D will investigate fundamental limits, new materialshigh frequency structures,and new
structure shapes. TheNCRFstructure R&Dwill explore advanced topologies, advanced materials and
manufacturing, and newtemperature and frequencyoperating regimes

Improvement in the capability and cost profile of RF accelerating structures requires commensurate
progress in RF sources and auxiliary systems. The RF source roadmap will explore discrete
architectures, distributed architectures, and energy recovery concepto reach high perveance while
operating atlower voltage and higher efficiency. R&D will also be required on couplersigher order
mode dampers, andfrequencytuners. Other auxiliarysystemsrequiring attention include high
repetition brightness electron sourcespolarized electron/positron emitters, and RF controls



General Accelerator R&D RF Research Roadmap Workshop Report 3

2018 2023 2028

Q>3e10 at E,.>35 MV/m via doping Cryomodule Nb3Sn
= residual odul
Explore Nb3Sn multicell resistance < 2nQ cryomodule

RF Accelerating

Outpace time scales of vortex
Structures

dissipation, E,.>100 MV/m

Develop techniques to prevent & H,>H, of

mitigate field emission bulk niobium Eae:=70 MV/m

Normal Conducting Structures Roadmap: Accelerator topologies / Advanced materials and

Advances wWr emperature and Frequency E,.»300 MV/m

Discrete Architecture Distributed Architecture Energy Recovery Concepts

High power SRF couplers / Broadband HOM dampers / Active cavity tuners / Circulators for high peak and high average
power sources

Systems

‘/ High repetition rate and high brightness e- source ‘

|/ Polarized emitters ‘

| 2018 2023 2028 |

Figure 1: Ten-year integrated GARD -RF roadmap with a focus on improving accelerating structures and RF
sources and auxiliary systems.

This roadmap recognizeghat the NCRF and SR&ccelerator communities are fundamentally synergistic,
from sources to cavity geometries, and progress in each field can build from the othBf-technology

can maximize its impact, reach and resources lpllaborating beyond HEP andapidly transitioning
technology to the commerciakectors which are reliant on RERFaccelerator technologywill continue to
be competitive for future large scale accelerator facilities.

2 RF Accelerator Technology for HEP

Radio Frequency (RF) technologysia cornerstone for many future particle accelerators includinghose
needed forfundamental High Energy Physics (HEPRFtechnology is technically readyfor accelerators
of any energy, including multiTeVenergies but, based on current technology,he practical limits to RF
accelerator performanceare set bybudgetary and footprint constraints. This technological maturity
means that furtherimprovement in quality factor, Q, cavity gradients, and shunt impedancedirectly
translate into higher energy reach andintensity. Building the nextgeneration ofHEP accelerators would
require efforts on a much larger scale than has been previously achievétihile current technology can
be used for these machines, advancing the technoloigynecessary to make theew facilities

OAEAElI OAAAT A6 rpYh Ol EIi enadleGphradd=E AEO DPAOAI Oi AT AAh AT A
The HEP accelerators under consideration are the International Linear Collider (ILC) [&TLIJ69],a
future multi -TeVe+e collider, future circular colliders FCCGee,FCChh, FCche, HELHC at CERN [3],
CEPC/SppC in China [4], and optiarior upgrading the Fermilab accelerating complex to a beam power
over 2.4 MW called PIP-11l [5]. All these future machineswould greatly benefit from the advances inRRF
R&D focused ordelivering higher accelerating gradientsand quality factors, higher shunt impedance
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structures, more efficient and lower cost sourcesgnd auxiliary technologies Some exampleslescribed
below, showcase thebenefits from technology improvements occurring within the next decade.

As noted in the P5 report, our M OET 1 6 O &1 ACOEED ( %0 bDHOI GABNF ET OEA
DUNE neutrino projectscheduledfor beam in2025. PIP-IIl, an upgrade of the Fermilab acceletor
complex, will initially increase proton beam powerto 2.4 MWand eventually reach5 MW on target for
DUNE PIP-111 will receive a >0.8 GeV beam from the PiP SRF linacThe two conceptual options for
PIP-11l under consideration are an SRF linac or Rapidly Cycling Synchrotron (RCS) with an NCRF
system Both approaches will benefit from RF research and developmefithe present scenario for the
SRF option envisages a-@eV CWtompatible SRF linac operating at 650 MHz followed up by a&GeV
pulsed SRF linac operating at 1.3 GHHligher Qcavities would provide significant operational cost
savings and, in combination with higher gradients, would result in either capital cost savis@r higher
beam energy The PIP Il SRF linacould alsoinject into anew RCS capable of delivering 8 GeV beam to
the downstream MI. Challenges for the new RCS includegh beam current requirementsand the cost of
the NCRF systemA simple enhanced design based on present cavitidees not seem to be feasible as
the required power and gradients are likely four to six times greater than present systenibhe RCS
option is alsocritically dependent on arapidly -tunable NCRFsystemcapable of accelerating 4 to 6 amps
of beam Currently, the PIRII project is expected to be comfete in FY25FY26. If the PIFRII project

starts at about the same timeresearchresults within next seven to eightyearswould be most beneficial
for the project.

Several staging options are undeconsideration for the ILC [6],with the first stagea 250-GeV Higgs
factory. This machine would benefit from cost reduction R&D. If the ILC tunnel is built for a full collider
(500 GeV with the state of the art SRF technology), the beam energy reach ofgbeond stagewill be
determined by the SRF technologicgbrogress in higher gradients and quality factors inthe next decade
under the GARBSRF R&DAlternatively, NCRFRoroposalssuch as CLIC benefit from advances in RF
sources and high gradient structuresPotential breakthroughs could make evem multi-TeVe+e linear
AT 11 EAAO OAEEI OAAAT A6 ET OEA EOOOOA

Thelast example is the proposed circulae+e collider FCCee at CERN. This machine (as well as
similar CEPC proposed in China) will feature a large CW SRF accelerating system delivering ~00 of
RF power to beams. HighQand high gradient SRF cavities operating at 400 or 80dHz (650 MHz for
CEPC) wouldpermit construction of smaller installations at lower capital and operational costs. A
timeline for the FCCee [3] hasthe first physics run in2035. Thus,the next tenyears will be extremely
import ant for developing SRF technology for this collider.

Fig. 2 summarizesthe alignment of GARDRFR&D milestones with HEP facilitie®n the horizon. The
highlighted progress in SRFand NCRFeavity performancewould improve the affordability of evena
multi-TeV collider.

3 Superconducting R&tructuresRoadmapmnd Milestones

The performance of SRF cavities depends#raengly upon the properties of superconducting material in
the first tens of nanometers othe inner cavity surface [#9]. Recent and futurémprovements in the SRF
technology aim at naneengineering thesurface layer andcontrolling its properties to optimize the SRF
performance8 4 EEO OOAEI | O hthers prEspedafdr A dramiatredldiioh Af Bccelerator
footprint, construction costs and operation costs,broadening the range of applicationsCavity
performance hasclearly emerged as the main c&t driver for SRF accelerators.

[—
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Figure 2: GARDRF R&D alignment with future HEP particle accelerators.

The GARD SRF program witlursue the fundamental science underpinningperformance and the most
promising transformational R&D directions. The two mainresearchthrusts are the High Q Frontierand
the High Gradient Frontier. Below we discuss high priority topics for each thrust as well athe facilities
and tools required to pursue the research and developmeniThere are manyresearch elements common

to both thrusts and these areenumerated and discussedh detail.

3.1 High Q Frontier

The cavity quality factor, Q is possibly the most important parameter for SRIBbasedaccelerators. he
resonant Qof an accelerating strcture varies inversely with resistive wall losses, driving the cost of SRF
machines because ahe cryogenic load, thus theemphasis onhigh-QSRF surfaceddigher Qallows

longer RFpulse lengths up tothe CW regimeand therefore higher luminosity andbrightness of the

accelerated rams, whichin turn, can extend thephysics reach

Recentprogressin SRF experimental and theoretical researcimcludes a dramatic increase in achievable
guality factors and deeper understanding of the mechanisms in play, particularly for #)e development

of new surface treatments resulting in very highQvia nitrogen doping [10-18]; and b) achievement of

very high Qunder real accelerator conditions via efficient magnetic flux expulsion (fast cooling and low
flux pinning) [20-24]. These advances have been confirmed at laboratories worldwide and transferred

to industry. They have found recent practical demonstration in the first LCL-8 cryomodules that have
reached two times the previous state of thert Qon an accelerator scale unit with an averag@~ 3-1010

at 2K, 1.3GHz, 16MV/m [18]. This correspondstoA | AAT OOOEAAA OAOEOOAT AA

Despite having reachedrery high thresholds, there arestill ample opportunities for improvement in
quality factors of niobium SRF cavities. Continued exploration of doping with nitrogen at lower
temperatures [19] and recent theories of the reverseQ(H) slope and superheating field [33,34bffer

new pathways to even higheQat very high accelerating gradients. Exploration of the effect of nitrogen
and other impurities on the surface resistance, RF breakdown fielgand superconducting density of
states in Nb will be crucial for further potential breakthroughs inQand field gradients. Studies of

A
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applicability to cavities of different frequencies have only just begun. New materials will be also
evaluated.

The progress on thadmpact and management ofrapped flux hasbeen tremendous in the past few years,
from the discovery ofthe manipulation of flux trapping via cooling to the understanding of trapped flux
sensitivity for different surface treatments (as a function of mean free path). These are topics of extreme
importance for both niobium and new materials. The abatement ofapped flux lossesare beingfurther
pursued, as it has repercussions not only oQ@but potentially also on achievableSRF cavitygradients.

The tenyear plan and milestones for the higlQthrust are presented in Fig. 3The Qroadmap includes
the following main directions:

1 Continue exploration of the effect of interstitial impurities on bulk Nb surface resistance;

1 Study the effect of doping orQ of cavities at different frequencies in the range of 650 MHz to 3.9
GHz;

1 Develop fundamental understanding of tie reverse field dependence of the BCS surface
resistance and devise experiments towards validation of different theories;

1 Develop understanding of mechanisms of trapping magnetic vortices and their contribution to
the RF losses, and devise experiments towgs validation of models;

91 Develop understanding of ‘intrinsic’ residual resistance and its field dependence;

1 Ameliorate trapped vortices via innovative ideas: advanced magnetic shielding concepts, in situ
flux removal, determine material properties/preparation for minimal pinning strength, etc.;

1 Develop NSn coating on single and mulicell cavities of different frequencies;

1 Investigate feasibility of other materials for highQ.

3.2 High Gradient Frontier

The tenyear plan and milestones for the high gradienthrust are presented in Fig4. This R&D plan wil
include research into fundamental questionslayered structures and advanced vortex dynamics
concepts new materials,films, and multilayers; development of NkSn as a practical SRF materidigld
emission mitigation ; microphonics and Lorentz force detuning compensation R&[and novel SRF cavity
shapes

An outstanding question concerns thdundamentallimit of the accelerating gradient in SRF cavities.
Based on the current understanding, vortex enfr at a DC superheating field limithe maximum
achievable accelerating fieldHowever, except for afew indirect experimental indications, there is no
unambiguous experimental or theoretical proof that the DC superheating field is the limiting factor at
CGHz frequencks relevant to many SRF linac3herefore, it is crucial to develop daheory of a dynamic
superheating field Hsh (w; T) taking into account the complex kinetics of quasiparticles in
superconductors under strong RF fields to show whethétsh(w, T) can indeed exceed the DBsnand, if
so, to what extend Hsh(w;T) can be further increased by impurities and RF frequency.
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Figure 3: Ten-year roadmap and milestones for the high Q SRF frontier.

Extensive experimental invesigations are needed to establish themaximum achievalte RFfield for a

given material. For bulk niobium, which is by far the most advanced SRF material to date, the achievable
gradient in CW operation is currently limited by a localized quench and not dalpal transition,

indicating that the fundamental limit has notyet been reached. Local surface quench fields ak<T,
already exceed the DC lower critical fieltHc; ~ 160-170 mT of Nb, and the theoretical limit is believed to
be at least as high as a Dstiperheating fieldHsn~ 240 mT (corresponding to an accelerating gradient
Eacc~ 56 MV/m for a TESLAshaped structure), at which the Meissner state becomes unstable with
respect to avalanche vortex penetration. However, the SRF breakdown field may be increased relative to
current estimates if the dynamic superheating field exceed$i¢ DC k.

The limit of the RF fields at the surface of the bulk niobium cavity are not yet fulunderstood. In
particular, whether the field can be maintained in excess of the Dig, and if so, to what field strengthis
achievable[25]. Superconductivity in adissipative vortex state persists up to the upper critical field
Hc2 ~ 400 mT, which would correspond toEascc~ 100 MV/m, whereas superconductivity in the surface
layer of Nb ceases to exist dlc3~ 1.3 T for standard ILC type surface preparatiortranslating into
Eacc~ 300 MV/m if quenching of superconductivity could be woided before then. HoweverSRF
technology relies crucially on the exponentially small surface resistance in the vortdree Meissner
state, while the maximum field gradients ae determined by the dynamics of breakdown of this state
during the RF periods of-1 ns, as the field is swept fronthe full negative tothe positive amplitude
range. A complete analysis of initial vortex nucleation, motion, and dissipation when the RF diel
amplitude exceeds the DElsnhas not been done. This fundamental problem must be addressed both
theoretically and experimentally to establish the ultimate SRF field gradients.
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Figure 4: Ten-year roadmap and milestones for the high gradient SRF frontier.

Theoretical analysis indicates that several layered SRF surface structures can be very promising for
delaying the flux penetration and preserving the Meissner state in the surface layer up to higher
accelerating fields [3136]. Thesesurfacesare:

T OSEQ®U 1.1 O#1 AAT . AcEh.~¥EMYEN; A DT OAT OEAT 1T A&

T O/ OEAO OODPAOAT T AOAOGI 06 11 E#t R2AMV/m idrdlbeSdN8;C8 x EOE

T O/ OEAO OODAOAT OADPAQI /BT . Adh A8C&~1OEm#r bi OAT OE.
NbsSrzIzNb.

Theoretical models for these layered surface structures should be developed to guide experiments
toward engineering ideal surface nanostructuresfir st on samples and then on cavitie®\nother R&D
direction involves theoretical understanding and experimental exploration of dynamic vortex behavior
to prevent quenching in bulk Nb on subnanosecond timescale using techniques such as doping/flux
pinning and RF pulse manipulation, for evaluation of the ultimate limitation in achievable gradients.

3.3 Common SRF Roadmap Elements

New Materials, Films, and Multilayers: The tenryear plan and milestones for the new materials
research are presented in Fig 3 and 4as parts of thehigh Qand high gradient frontiers. There are many
promising superconductors that could potentially achieve hgh accelerating gradients andigh Q5 O d,
MgBz, NbN, NBSn, other A15 superconductors (N¥AI, \5Si etc.),and zinciron pnictides. For all these
materials, the potential and limitations for SRF applicationdear investigation. Alternative SRF
materials performing close to theoretical predictions could offer important advantages compared to
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traditional niobium: 1) high-Qeven at tempeatures well above 2K, important for reducing costs for
large-scale, high duty factor SRF accelerators and smatiale, cryocoolerbased accelerators; and 2)
theoretical potential for higher accelerating fields, to help enable pulsed linear accelerators ti
unprecedentedreach into the Energy Frontier.

These materials could be used in bulk or thin film form. Thin films could bring the advantage lafyered
structures for a potential further boost in achievalle accelerating gradients. To datethin films, even of
simple niobium material, show increased residual resistance and large mediwfield Q-slope. Improved
deposition methodsR&D is ongoing at CERNefferson FNAL ANL,and other laboratories. This R&D
must continue so thatbreakthroughsin the production methods of high performingRFfilms canbe
applied directly to new materials films for highQand high gradients.

Over the next several yeas, researchwill explore candidate superconductors and geometries that show
potential based on practcal andtheoretical considerations. These candidatewill be evaluated in RF
tests on samples or simple cavity geometries to determine which to target for more intensive
development. For those that demonstrate practical levels of surface resistance at rilaly low fields,
fabrication techniques will be scaled ugor detailed evaluation Materials manufactured in bulk versus
those deposited in a thin filmhave the advantage of higher potential of success in terms of RF
performance as at present depositedims (including Nb) are afflicted by strongQ-slopes and high
residual resistances.

Development of Nb 3Sn as Practical SRF Material: NbzSn bulk films show promising results, recently
demonstrating high-Qfor medium fields at 4.2K in R&D cavities [26]. Rea& experiments have also
revealed several promising paths forward for improving the performance of this materialf appropriate
surface treatments can be developed [27,38Studies will be performed on thecoating of multiple cells
to develop recipes thatproduce uniform, high quality films over alarge surface area. Researahill
continue to focus on identifying and mitigating norfundamental limitation mechanisms via a
combination of advanced materials science studies and experiments on R&Bale cavities. To
demonstrate the breakthrough potential of this material for pulsed high energy applicationshe goalin
four to six yearswill be to achieve peak surface magnetic fields in pulsed mode that exceed the DC
superheating field of niobium. With sufficiently defect-free coatings, theoretical predictions suggest that
the superheating magnetic field limit of NBSn is approximately twice as high as niobium [29].
Extrapolation from high power pulsed RF experiments shows agreement with this prediction [30/
suitable goalwould be toachievetwice the accelerating field specification of ILC, first in single cell
cavities, then in multi-cell cavities.

In parallel to bulk NlbsSn development, alternativemanufacturing routes should be pursued via thin
NbsSn filmson clean Nb orSuperconductorinsulator-Superconductor &1-S) NbsSn layered structures
to try to achieve the superheating field of Ng5n with potential up to 90MV/m (or even 10-20% above,
up to 120 MV/m). The thin film or SI-S avenue would not be as saightforward as simply bulk film
NbsSn, and would require more developmento ensure good RF performance.

Field Emission Mitigation: Field emission phenomenon could be a serious impediment to achieving
high gradients. Special studies wilbe required in parallel with high gradient research to abate field
emission in vertical tests and cryomodules. Promising pathways include plasma processing, high power
processing, and eventually robotic assembhsomeof these studiesmay be pursued outside of GARD
(e.g. LC cost reductionR&D).

Microphonics and Lorentz Force Detuning Compensation: Material science research for high
acceleration gradient and highQshould be supported by the cavity resonance control R&D and other RF
ancillaries R&D [3740]. SRF structuresoperating in the CW regime are susceptible to vibrations due to



General Accelerator R&D RF Research Roadmap Workshop Report 10

external excitation (microphonics). Forpulsed-beam accelerators such as thikC, compensating cavity
resonant frequency detuning due to the Lorentz force (Lorentz Force Detuning or LFD) ispesially
important as the ratio of LFD over the cavity bandwidth is proportional to the cube of acceleration
gradient. First, the reasons for vibrations (microphonics) should be determined, understood and
mitigated. Second, the new cavity designs should lgtimized to minimize LFD, and the cavity response
to vibrations and He pressure fluctuations. Third, new active LFD and microphonics compensation
algorithms should be developed along with the new tuner (fine and coarse) designs. Microphonics R&D
becomesparticularly important for 4.2 K operation of accelerators (e.g. for Ngsn).

Novel SRF Cavity Shapes:R&D on new cavity shapes can further improve performance of SRF
OOOOAOO0OAO0 ATA (%0 AAAAI AOAOT OO8 4EA 4 %BasservdlAOEOU
the accelerator community well, enabling such accelerators as FLASH, European XFEL, and-LGIog
serving as a baseline for ILC. However, several alternative elliptical cavity geometries were proposed
(Ichiro, re-entrant, low-loss, low surfacdfield) and havedemonstrated accelerating gradients up to 55
MV/m on R&D cavities. These shapes can potentially provide up to ~20% higher gradients for the same
peak surface magnetic field [42]Some effort towards improving cavity shapes to reduce multigcting
issues can be beneficiaNovel fabrication methods couldpermit the useof structures considered
previously only for NCRF systems. An example is a paraifeled accelerating structure [43]. If a robust,
high-performance coating of thinfilm niobium on copper is developed, such structures could potentially
be more efficient for future accelerators.

Future HEP experiments require higher beam intensities and shortesynchrotron cycle times. Hence,
either new accelerators will have to be built or existig onesupgraded (e.g.the Main Injector at
Fermilab). Use ofSRFtechnologywould significantly reduce the number ofcavities in these machines.
However,the lack of fast frequencytuners prohibits the use of SRF cavities at presenDevelopment of a
new generation of fast frequency tuners foISRF cavities is proposed undethe Auxiliary Systems R&D
thrust. In parallel, new cavity structures will have to be designed, e.g. [44,45]. These fasted SRF
cavities operating at ~50MHz would provide much higheracceleration gradiens and; therefore, a
smaller number of cavities and loweibeamlineimpedance.

4 Normal Conducting RtructuresRoadmap and Milestones

Through new insights into the physics of RF breakdown at high gradients and innovations in the
topologies of accelerating structures, normal conductingadiofrequency (NCRF)structures have
undergoneamomentous leap in accelerating grdient from around 50 MV/m to more than 200 MV/m.
The goal of the normal conducting RF accelerating structure roadmap is tgtend the limits of useful
gradient for HEP acceleratoravhile improving efficiency. The improved performance will be achieved
with new topologies and @timized geometries for normal conducting andsynergistically, for super
conducting accelerating structures.

The tenyear plan and milestones for thenormal conducting RF are presented in Fig..3 his R&D plan
will explore advanced topologies, materials led manufacturing techniques; leverage the latest virtual
prototyping tools; and investigate operation in new temperature and frequency regimes. The first
roadmap priority is focused on implementing the best topologies with high strength materials using low
cost manufacturing techniques. Then the limits of frequency and temperature will be explored to
maximize gradients and efficiency. The fingdriority of the roadmapis to exploreexotic accelerator
conceptssuch asoperation at multiple frequencies to break the quadratic scaling of power with gradient
which limits efficiency. The roadmapnaturally leadsto the demonstration of acost-effective accelerator
facility capable of delivering a 1GeVor more electron beam in an accelerator length of less than 1.
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Figure 5: Ten-year roadmap and milestones for the normal conducting structures roadmap.

Because otollaborations established toanswer fundamental questions abouthe limits of high gradient
acceleration the past decadénas seen remarkable progress iNCRF accelerator technology
Foundational research in applied electrognamics and materials sciencéas ledto the discovery of the
basic physics mechanisms behind high gradient vacuum RF breakdown phenom¢Bd] and has
significantly improved the capability-cost curve of charged particle acceleration systemilew linear
accelerator topologies enable the use of novel geometries and materials to enhance gradients while
reducing manufacturingcosts. The reduction in cost comesn part, from reducing manufacturing
complexity and part count. At the same timghese new designs tamatically improve the RFto-beam
efficiency; hence, the system ast, including RF sourcedecreasesAt X-band this has resulted in an
increasein loaded accelerating gradientirom 50 MV/mt0200- 6 ¥ i xEEIT A AT OAl ET ¢ OEA
shunt impedance (or eficiency of establishing the accelerating gradient).

The roadmap explores many new, promising avenues. Neagcelerator structure topologies such asthe
distributed coupling accelerator structure[55] or photonic band gap structures 8] have great
potential. Hard copper and hard copper alloys as a base mai& for accelerator structures support
significantly higher gradient operation [49]. Newmanufacturing techniques (split structure technology)
lower the cost of fabrication due to the great reduction in the number of fabricated par{gl8]. Operation
of the normal conducting accelerator structure at cryogenic temperaturesachievemuch higher
gradients [53]. Multi -frequency multi-mode linac configurations andaccelerating structures operatingin
the mm-wave range[46, 47] offer interesting possibilities. Thesepossibilities will benefit from a
continuation of abasic science R&D gpoach, which led to these discoveries

While recentdevelopments pave the way for high gradient structure operationsgimprovements in
efficiency andcog, in addition to performance, will extend the energy reachbeam quality and
compactness of future acelerators. The accelerator structuresresearch program mustsatisfy multiple
requirements besides high gradient operation at statistically low breakdown rates, including gructures
with the capability of accelerating~10 MW of beam powemwith high RFto-beam efficiency sufficient
detuning and damping to suppress multbunch instabilities with reasonable alignment tolerances,
appropriately large apertures to mitigate short range wakefields while minimizing production and
processingcosts The design of he accelerator structures must balanceconflicting requirements, such
as:1) reducedRFto-beam efficiency when operating at high gradient®?) increasedprocessingcoststo
achieve high operating gradients3) reducedRF~to-beam efficiency and reduce@chievable gradients
with larger apertures; 4) higher beam loading leadhg to stronger coupling of higher order modes
requiring sophisticated damping featureghat are expensive and typically reduce achievable gradients.


































































